In this study, the fluidization characteristics for fine cohesive powders under mechanical vibrating conditions were experimentally investigated. In a case of handling of fine cohesive powders with fluidized bed, stable gas channels and cracks were easily formed in the bed due to the strong cohesiveness acting among particles. A mechanical vibration is one of the methods to improve the fluidity of fine cohesive powders. In this study, we focused on the transition of the dominant bed flow pattern induced by mechanical bed vibrating conditions. The powders used in this study were different sizes (0.7 -20μm) and materials (silica, alumina, polymer). All powders belonged to group-C in the Geldart classification. The bed expansion ratio was lower in the relatively smaller vibration strengths regardless of the gas velocity, however, it steeply increased with larger a certain vibration strength. Form the visual observation of the bed, the bubble formation appeared with larger than such a critical vibration strength. This implied that the dominant bed fluidization pattern was transitioned from channeling behavior (group-C) to bubbling behavior (group-A or -AC) by the addition of the mechanical vibration.
Introduction
Fluidized bed is useful powder handling technique because the particles are vigorously mixing with upward gas flow, hence relatively higher mass and heat transfer rates can be achieved than the other gas-solid contacting methods. It is important to understand the fluidization behaviors for designing the fluidized bed system, however, the fluidity of particle is significantly affected by its physical properties, such as particle diameter, density, shape factor, size distribution, and so on. Geldart's map [1] is very famous diagram that classified particles according to its fluidization characteristics.
Generally, relatively larger sizes of particle have favorable fluidization characteristics with bubbling phenomena. During fluidization state for such larger particle system, the particles are well dispersed in the whole bed. On the other hand, for the smallest size category of Geldart's map (group C particle), the effect of interaction force acting between particles becomes larger than the gravitational force acting on the particle. In such a circumstance, the cohesive characteristics become significant; therefore, particles are easily formed agglomerates in a static condition. When the gas flow is given to such cohesive particle bed, stable gas channels are frequently observed and the fluidity of the bed becomes lower. This channel formation phenomenon is strongly concerned with a complex bed structure including various sizes and voidage of agglomerates. While there are some reports about the fluidization behavior of agglomerating fluidization state [2] [3] [4] , it is difficult to fluidize fine cohesive particles without any external force that lowers the effect of strong interaction force between particles.
Mechanical vibration is one of the external forces against the interaction force between particles. Other methods for improvement of the fluidity for cohesive particles have been also proposed such as centrifugal force [5] , sound [6] , mechanical agitation [7] , and magnetic force [8] . The addition of mechanical vibration to the fluidized bed is expected to break the agglomerates and stable gas channels. Many reports about the vibrating fluidization behavior can be seen up to now [9] [10] [11] [12] [13] [14] [15] [16] .
In this study, the flow pattern change induced by the addition of mechanical vibration was observed to interrelate with the bed voidage results. The bed voidage is strong concerned with the gas dispersion efficiency, and it indicates that the change of bed voidage by vibrating conditions is significant for the improvement index of bed fluidity. Therefore, the fluidization characteristics of fine cohesive particles under mechanical vibrating conditions were experimentally investigated. Figure 1 shows the schematic diagram of experimental apparatus used in this study. Fluidized bed was made of transparent glass column and its internal diameter and height were 65 mm and 1100 mm, respectively. A sintered stainless plate was used as gas distributor. Pressure taps were attached at the plenum and the freeboard of the fluidized bed to measure the bed pressure drop with a differential pressure gauge (Druck). Dry nitrogen gas was used as fluidizing gas to avoid the gas humidity. The flow rate of fluidizing gas was controlled with a mass flow controller (YAMATKE Co.Ltd.). In this study, a mechanical vibrator system was used to vibrate the fluidized bed. Two vibration motors were attached on the both sides of vibrator to adjust the vibration amplitude. The vibration amplitude was set by the setting of unbalanced weights of vibration motors. The vibration meter (Showa-sokki) was used to adjust the vibration amplitude. The frequency of vibration was set with an inverter. In this study, the vibration motors were crosswise attached with 45 degree against the horizontal direction. Therefore, threedimensional vibration like a twist motion was generated. Initially, relatively high gas velocity (0.025 m/s) was given to the bed and then the de-fluidization test was conducted under vibrating condition. The relationship between gas velocity and bed pressure drop was obtained. At each measuring point of gas velocity, bed height and flow patterns were measured and/or observed to obtain the voidage curve with gas velocity and flow pattern classification, respectively. The experimental conditions are summarized in Table 1 .
Experiment
Powders used in this study were spherical particles and their kinds, diameter, and density are listed in Table 2 . Figure 2 shows the schematic diagram of the typical bed flow patterns under vibrating conditions. When the vibration amplitude was relatively low, the stable gas channels were observed in the whole bed like a group C particle in Geldart classification. As the vibration amplitude was increased, the stable channels were gradually diminished. With higher gas velocity was given to the bed, the breakage and generation behaviors were coexisted. When further higher vibration amplitude was given to the bed, the bubbling behavior appeared with relatively higher gas velocities. From these observation results, it was inferred that the bubbling behavior was induced by the higher amplitude of vibration. However, in the case of PMMA particle, only the stable gas channels were observed in the investigated experimental conditions. Figure 3 shows the effect of vibration amplitude on the umb and uchl for different particle diameters of alumina particle. In the case of 0.7 m particle, no bubble formation was observed in this study. For all gas velocities of the channel breakage and the bubble formation, these values had decreasing tendency toward the vibration amplitude. Higher gas velocity was needed to cause the channel breakage and the bubble formation as the particle diameter decreased. The critical vibration amplitudes such as Achl and Amb (broken line) also increased as the particle diameter decreased. These increasing tendencies of critical gas velocities (uchl and umb) and vibration amplitudes (Achl and Amb) toward the decrease of particle diameter are owing to the increase of the effect of interaction force between particles as the particle diameter decreases. Fig. 3 . Effect of vibration amplitude on umb and uchl for different particle diameters of alumina particle. Figure 4 shows the effect of vibration amplitude on the bed voidage for different particle diameters of alumina particle. As the particle diameter decreased, the range of bed voidage became higher. In these figures, the same key represents the same gas velocity condition. For all cases of particles, the value of the voidage once decreased in the relatively smaller vibration amplitudes and its variation range was small. When the vibration amplitude was larger than Achl and/or Amb, the value of the bed voidage steeply increased and its variation range became larger. With larger vibration amplitude than the critical ones, the channel breakage and the bubble formation phenomena were enhanced by the enough propagation of vibration force. The channel breakage behavior is considered as the enhancement of the gas dispersion efficiency with structural breakage of the particle bed. From the experimental results, it was found that the flow pattern transition was induced by not only vibration intensity but also proper gas flow condition. Fig. 4 . Effect of vibration amplitude on the bed voidage for different particle diameters of alumina particle. Figure 5 shows the effect of vibration amplitude on the minimum bubbling velocity, umb, and the lower limit of gas velocity for channel breakage behavior, uchl, for different particle materials (alumina and glass beads : 10μm, PMMA : 8μm). In this study, the lower limit of gas velocity for bubble eruption behavior on the bed surface was defined as the minimum bubbling velocity. The values of umb and uchl decreased as the vibration amplitude increased. This indicates that the increase of vibration amplitude enhances the propagation of vibration force in the bed, and it decreases the lower limit of gas velocities for channel breakage and bubble formation. The values of uchl for alumina were larger than those for glass beads, while the values of umb were almost the same regardless of the vibration amplitude. It is considered that larger vibration force is needed to prevent the formation of stable gas channel for the case of alumina particle. The critical conditions of vibration amplitude (Achl and Amb) have larger values for alumina particles compared to those for glass beads. In our previous paper [11] , the values of Hamaker constant, Ha, for the cases of alumina and glass beads (SiO2) were respectively estimated. These estimated values of Ha were 13.9×10
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-20 J for alumina and 5.9×10
-20 J for glass beads, respectively. Because the Hamaker constant means the degree of van der Waals interaction force between particles, larger estimated value of Ha indicates that particle has higher degree of cohesive characteristics. However, the gravitational force acting on the particle should be considered against the interaction force (van der Waals force as the cohesive force) as the separation force in a static condition. In this situation, the particle diameter is constant, hence only the particle density is considered here. The particle density for alumina particle is about 1.56 times larger than that for glass beads, while the value of Ha for alumina is about 2.35 times larger than that for glass beads. Therefore, it is inferred that the stronger cohesive characteristics appear for the alumina particles, and it needs larger vibration amplitude to make a transition of bed flow patterns from the stable gas channel to the channel breakage and bubble formation behaviors. In the case of PMMA particle, the particle density is about half compared to the glass beads. While the value of Ha is the same order (5~7×10 -20 J), smaller particle density increases the degree of cohesive characteristics. Figure 6 shows the effect of vibration amplitude on bed voidage for different particle materials (alumina and glass beads : 10μm, PMMA : 8μm). In these figures, the critical amplitudes (Achl and Amb) are shown as broken lines. Except for the case of PMMA particle, even for glass beads, the bed voidage increased when the vibration amplitude was larger than Amb. This steeply increase of bed voidage can be also seen in Figure 5 . However, in the case of PMMA particle, no channel breakage and bubble formation were observed. The effect of cohesive characteristics may be the largest among three kinds of tested particles, and it suggests that experimental vibration condition is not enough to change the bed flow patterns for PMMA particle. 5 . Effect of vibration amplitude on minimum bubbling velocity, umb, and lower limit of gas velocity for channel breakage behavior, uchl, for different particle materials (alumina and glass beads : 10μm, PMMA : 8μm). Fig. 6 . Effect of vibration amplitude on bed voidage for different particle materials (alumina and glass beads : 10μm, PMMA : 8μm).
Conclusions
Fluidization characteristics under mechanical vibrating conditions were experimentally examined. The intermittent channel breakage and bubble formation behaviors appeared with relatively higher vibration amplitude. In such vibrating and gas velocity conditions, the bed structure including stable gas channels was effectively broken, and it allowed the fluidizing gas to disperse well in the whole bed. Furthermore, the bed expansion ratio drastically became larger owing to the enhancement of the dispersion of fluidizing gas.
